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Abstract 
With increasing public concern for possible future terrorist attacks involving 
novel explosives, there is a demand for advanced early detection technology. While 
trained canines are effective at detecting minute quantities of explosive vapors, canines 
also suffer from false positives, short attention spans, stress, expensive training, and 
require the assistance of an accompanying handler. Even with these disadvantageous, 
canines are currently more common in explosive detection due to conventional sensors. 
The extremely low vapor pressures at room temperature of most explosives limit the 
number of explosives molecules to be collected in a reasonable detection time pushes 
limits for most conventional sensors. Most of these sensor devices are big, as they require 
a vapor collection and pre-concentration system, and require time-consuming procedures. 
In addition, the concentration of explosive vapors decreases exponentially as a function 
of distance from the source, and as the function of time the explosive material is present 
in a location. The detection of trace quantities of explosives in the gas phase is very 
important in countering terrorist threats. Nanotechnology-enabled sensors could offer 
significant advantages over conventional sensors, such as better sensitivity and 
selectivity, lower production costs, reduced power consumption as well as improved 
stability. The purpose of this research is to provide a fundamental understanding of the 
materials and mechanisms required and aid in the development of small, inexpensive, 
effective portable sensor, which is capable for real time detecting explosives vapor at 
room temperature using only nature vapor pressure. 
A new array sensing system for explosive gas phase is proposed in this study. 
This sensor is based on a layered structure of fluorophore deposited onto a few hundred 
nanometers of a transparent polymer, supported by a glass slide. The fluorophores 
 selected, Rhodamine 6G (Rh6G) and related species, are inexpensive xanthene laser dyes 
which are widely used as a fluorescence tracers because of their strong absorption 
properties in the visible light region and a high fluorescence quantum yield.  
The adsorption of these dyes into solid host systems can alter the photophysical 
properties of the dye and protect it from thermal decomposition and photobleaching, thus 
improving the operating and lifetime of the dye. The incorporation of fluorescent dyes 
into a solid host system becomes of great interest for design of photonic devices with 
potential applications such as solid tunable lasers and sensors. The type and concentration 
of aggregates depends on the conditions used for preparation of the hybrid materials.  
Formation of aggregates can affect the photophysical characteristics by inducing 
spectral shifts and band splitting. The presence of aggregates also leads to strong 
fluorescence quenching at high concentrations. Therefore, controlling the state of 
aggregation of the dye molecules in a solid matrix is a critical condition for efficiency of 
fluorescence sensor. The solvent system also plays a role in aggregation formation and a 
variety of solvents with differing polarities will be used to optimize this technology.  
When this fluorophore layer is applied on an appropriate substrate structure 
before putting on the glass substrate, such as transparent layer of polymer, a huge 
emission enhancement will occur. This emission enhancement can be explained by 
internal reflection: When the light hits on the fluorophore layer, some of the light is 
reflected at each interface, which allows the light to bounce along the polymer layer, this 
internal reflection can provide more opportunities for the incident light to be absorbed, as 
a result, the emission enhancement could be over a factor of 1000. This huge emission 
enhancement shows the potential to be used as fluorescence-based sensor with improved 
 sensitivity, and it is sensitive enough to detect explosives with low vapor pressures under 
room temperature.  
With this new sensing system, selectivity can be improved by using a variety of 
fluorophores with high quantum yield to create a sensor array. Each array of fluorophores 
will give a distinctive response to an analyte, resulting in different response pattern for 
each analyte. A standard pattern for each known analytes can be used on identifying 
unknowns by this array response pattern. 
The photophysical properties of the fluorophores structure and polymer layer 
effect on the fluorophores needs to be further understood in order to develop this array 
sensor with improved sensitivity and selectivity.  
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CHAPTER 1 
 
ABSTRACT 
 
Self-organized rhodamine 6G (Rh6G) thin films on a glass substrate were 
prepared by spin coating, dip coating, and drop coating. The thickness of the 
Rh6G layer strongly influences both the absorption and emission spectra, which 
are accounted for by monomers, exciton and excimer formation, and molecular 
aggregation. Submonolayer films of Rh6G show one maximum and one apparent 
shoulder in the absorption spectrum, but three peaks are required for 
deconvolution of the spectrum. As the thin film becomes thicker the observed 
maximum shifts to lower energy and a fourth peak is required for deconvolution. 
The emission spectra show similar features. In addition, the relative intensity of 
the emission is strongly dependent on the film thickness with thinner films being 
substantially more emissive than thick films.    
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INTRODUCTION 
 
Rhodamine 6G (Rh6G) is a cationic xanthene dye widely used as a 
fluorescence tracer because it has strong absorption in the visible region and a 
high fluorescence quantum yield.1–4 Rh6G tends to form aggregates at higher 
concentration in solutions, leading to the formation of dimers5–7 and higher order 
structures.6–8 The solvent system also plays a role in aggregation because of the 
hydrophobic alkyl groups on the Rh6G molecule.9 Polar protic solvents promote 
aggregation while polar aprotic solvents hinder the aggregation process, and 
nonpolar solvents can induce deaggregation.9–12 
Efficient procedures have been developed to incorporate Rh6G into solid 
matrices such as polymers,13–16 sol-gel silicates,17,18 and clays.19,20 The adsorption 
of Rh6G into solid host systems can alter the photophysical properties of the dye 
and protect it from thermal decomposition and photobleaching, thus improving 
the operating and lifetime of the dye.21 The incorporation of Rh6G into a solid 
host system becomes of great interest for design of photonic devices with 
potential applications such as solid tunable lasers and sensors.14,21 The type and 
concentration of aggregates depends on the conditions used for preparation of the 
hybrid materials.17,19,21 Controlling the state of aggregation of the dye molecules 
in a solid matrix is a critical condition for efficiency of a desired application.17,19–
21 
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Formation of aggregates can affect the absorption characteristics by 
inducing spectral shifts and band splitting.21 The spectral results are typically 
assigned to two main types of aggregates. A blue shift (relative to the monomer 
peak) is characteristic of an H-dimer, while a red shift is assigned to a J-dimer.22 
Therefore in solution the absorption spectra contain contributions from monomers 
and dimers in equilibrium, which is concentration dependent, so that deviations 
from the Beer-Lambert law occur.23 The presence of aggregates also leads to 
strong fluorescence quenching at high concentrations.24 This quenching process is 
largely due to the transfer of excitation energy from monomers to aggregates, 
which then decay non-radiatively.25 
Exciton theory can be applied to understand the relationship between the 
structure of the aggregates and their optical characteristics.26–28 According to this 
theory, the dye molecule is regarded as a point dipole and the excited state of the 
dye aggregate splits into two levels through 
the interaction of the transition dipoles.26–28 In a J-dimer the monomer transition 
moments are aligned end-to-end. The lower energy exciton state for the J-dimer is 
an allowed electric-dipole transition while transition to the upper state is 
forbidden, so red shifted absorption is observed and the dimer is emissive.24,26,27 
In an H-dimer the monomer transition moments are parallel, and only the higher 
energy exciton state is allowed. Thus, for an H-dimer a blue shifted absorption 
band is characteristic and the excited state is a non-emissive species.26,27 The 
general dimer is referred to as an oblique dimer, as shown in Scheme 1-1. When 
the chromophore is adsorbed onto a substrate the dimer is characterized by an 
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arbitrary angle, θ, between the transition moments.26,27,29–31 In the common cases 
discussed above, an H-dimer has θ = 90o and a J-dimer has θ = 0o. For any other 
value of θ, transition to both exciton excited states is allowed with transition 
moments: M’=√2Mcosθ (for transition to the lower energy state, E’) and 
M’’=√2Msinθ (for transition to the higher exciton state, E”), where M is the 
transition moment of the monomer. In addition, an excimer can also be formed by 
the association of excited and unexcited molecules.32–37 Excimer formation does 
not affect the absorption spectrum but owing to a mismatch between the monomer 
Franck–Condon state and the excimer state, a red-shifted emission band with long 
fluorescence lifetimes are typically observed.37,38 
In this work we examine the absorption, emission, and excitation spectra 
for Rh6G deposited onto a glass substrate. The spectra change as a function of 
thickness, as expected. At submonolayer coverages the primary structures found 
on the surface are monomers that have the transition moment aligned parallel to 
the substrate surface. As the thickness increases both excimer and exciton 
spectroscopic features are observed. Finally, at the thickest coverage the 
formation of large aggregates occurs, which significantly suppresses emission. 
These structural conclusions are independent of the coating method used, which 
include dip-coating, spin-coating, and drop casting. This is in contrast to previous 
reports, which only assign exciton type dimers9 and have not identified an 
excimer. 
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EXPERIMENTAL SECTION 
 
Rhodamine 6G chloride (Rh6G) was supplied by Acros Organics and was 
used without further purification. A range of Rh6G solutions were prepared and 
used for thin film preparation: 1×10–9 M – 1×10–2 M in 95% ethanol. Borosilicate 
glass (BSG) microscope slides were prepared by sonication in 95% ethanol and 
distilled water (15 minutes each) followed by blow-drying with dry nitrogen gas.  
A Laurell Technologies spin coater was used for spin-casting films. 250 μl 
of the Rh6G solution was placed on the BSG slide and the acceleration was set to 
1200 rpm and the maximum rotation was set between 400 and 5000 rpm. The thin 
films were then allowed to dry in air. Dip-coating was done using an MTI Corp. 
HWTL-01 desktop dip coater with temperature chamber set at room temperature. 
After coating, the thin film on one side of the BSG slide surface was removed 
using 95% ethanol. Finally, drop-coated films were prepared by placing a known 
volume (5 to 20 µL) of a known concentration (5×10–7 M To 9×10–4 M) of Rh6G 
on the BSG slide and allowed to air dry. All thin films were prepared at low 
humidity (<20%). 
The absorption spectra were obtained using a Perkin Elmer Lambda 1050 
spectrometer. The slit width was set to 2 nm, the wavelength range was set from 
700 nm to 350 nm, and the integration time was set to 10 s for samples made with 
concentrations lower than 2×10–6 M, 5 s for sample made with concentrations 
between 3×10–6 M to 3×10–5 M, 3 s for samples made with concentrations 
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between 4×10–5 M and 1×10–4 M, and 1 s for samples made with concentrations 
above 1×10–4 M. Polarized spectra were obtained using a Perkin Elmer Polarizer 
L900. The polarization angles used were from 0° to 220°. All spectra were 
baseline corrected by automatic baseline subtraction with PeakFit v4.12 software. 
The fluorescence emission spectra and excitation spectra was acquired 
using a Horiba (Jobin Yvon) Fluorolog spectrometer. The light source used was a 
Xenon arc lamp. For emission spectra, the excitation wavelength was set at the 
absorbance maximum, and the slit width was set to 2 nm. For excitation spectra, 
the detection wavelengths used were 550 nm, 573 nm, 600 nm, 650 nm, and the 
maximum emission wavelength. 
Time-resolved emission spectroscopy (TRES) measurements were made 
using a Horiba Fluorohub time-correlated single photon counting (TCSPC) 
system. A Horiba NanoLED N-460 pulsed diode laser was used as the light 
source with a wavelength of 464 nm, a repetition rate of 1.0 MHz, and 160 ps 
pulse duration time with a power output of about 7 pJ/pulse. 
XPS measurements were carried out using a ThermoFisher K-Alpha 
spectrometer, under a focused monochromatised Al Ka radiation (E = 1486.6 eV). 
Spectra were recorded with a constant pass energy of 50 eV with energy 
resolution of 50 meV and charge neutralization. The peak positions and areas 
were optimized by a weighted least squares fitting method using Avantage 
(ThermoFisher) software.   
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AFM measurements were carried out using an Agilent 5500 AFM in 
tapping mode. The tip used was from Mikromasch, NSC15/A1 BS and had a 
force constant of 20-80 N/m. The angle of repose was used at about 15 degrees. 
The scan area was 95 µm by 5.9 µm. 
Reflection spectra were obtained using a Filmetrics F40 microscope Thin 
Film Analyzer and thicknesses were fit using the software provided. Optical 
constants for Rh6G were determined by spin-casting films onto fused silica and 
the wavelength dependence of n and k are shown in Fig. 1-S1. The results are in 
good agreement with the literature.39 
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RESULTS AND DISCUSSION 
 
Three solution deposition techniques were used to deposit Rh6G 
molecules as a thin film onto a glass substrate: dip coating, drop coating, and spin 
coating, with evaporation rate of the solvent increasing in the given order. In dip 
coating, the substrate to be coated is lowered into the solution and withdrawn at a 
suitable speed while for spin coating the solution is placed onto the substrate, 
which is then rotated at a high speed. Drop coating simply involves placing drops 
of the liquid onto the surface of the substrate. The different deposition techniques 
allowed controllable access to a wide range of film thicknesses, ranging from 
submonolayer to tens of layers. 
The absorption spectra of a series of films are shown in Figure 1-1. As 
expected, as the Rh6G concentration increases in the casting solution, the films 
become thicker and the spectra more intense, as demonstrated in Figure 1-1A. 
However, there are also significant changes in the lineshape as the film thickness 
changes, indicating structural changes in the Rh6G film. As shown in the 
normalized spectra in Figure 1-1B, when using the lowest concentrations the film 
spectrum has a maximum at 525 nm and a small shoulder at ~490 – 500 nm. As 
the concentration of the casting solution increases and the film becomes thicker, 
the main peak shifts to lower energy and the high energy shoulder becomes more 
prominent. 
Figure 1-2 shows the evolution of λmax (the wavelength of maximum 
absorption) and the absorbance at λmax as a function of film thickness. As shown 
in Figure 1-2A, λmax shifts from ~520 nm to ~560 nm between film thicknesses 
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of < 1 nm to about 10 nm. When the film is greater than 10 nm thick, λmax and 
the overall lineshape does not change with increasing film thickness. Similar 
behavior is seen for the absorbance at λmax, where it appears that three regions of 
different slopes are observed: 0 – ~1 nm, ~ 1 nm – ~ 10 nm, and > 10 nm. 
The different thickness regimes require different methods for 
measurement. As demonstrated in Figure 1-2, we used reflection spectroscopy, 
XPS, AFM, and a simple area and density method to determine the film thickness. 
All methods were in agreement, giving us confidence that the thicknesses reported 
are meaningful. The absorbance (A) as a function of thickness (t) can be 
approximated by three different linear regions: 
A = 0.019t – 0.012 (t < 1.2 nm, A < 0.025)    [1] 
A = 0.011t + 0.014  (1.2 nm < t < 12 nm, 0.025 < A < 0.14)   [2] 
A = 0.0057t + 0.088  (t > 12 nm, A > 0.14)    [3] 
The uncertainties in the slopes are 0.009 nm–1 for equation [1], 0.002 nm–1 for 
equation [2], and 0.001 nm–1 for equation [3]. 
The data can be used empirically to determine the film thickness. 
Depending upon the orientation of the Rh6G molecule on the surface, a 
monolayer should be 0.9 – 1.4 nm thick. The break in slopes at ~ 1 nm suggests 
that the absorbance of films thinner than 1 nm is no longer being controlled by the 
thickness of the film but by the surface density of the Rh6G molecules.   
The absorption spectra were deconvoluted into the component parts. Only 
four peaks were required to fit the observed spectra over the entire thickness 
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range. The absorption maxima and linewidths are given in Table 1-1 and 
representative fits for several thicknesses are given in Figure 1-S2.   
Figure 1-3 shows the relationship between the concentration of Rh6G and 
the film thickness when coating by different methods. The Rh6G thickness is 
primarily controlled by the Rh6G concentration. If different rotation rates are used 
for spin-coating or different pull rates for dip-coating, different thicknesses are 
found but the variation is much smaller than that caused by the concentration. The 
shapes of the absorption spectra are independent of the deposition method. 
Consequently, further discussion will be based on films spin-cast at 1200 rpm, 
unless otherwise noted. Since all of the deposition techniques used here are 
evaporative, the initial solution concentration always increases during the 
deposition process. This allows some dimerization to occur even for the most 
dilute solution. However, the slow evaporation process (dip-coating and drop 
coating) and the fast evaporation process (spin-coating) leading to similar 
structures suggests that some fraction of the Rh6G is deposited onto the substrate 
by adsorption from solution before any evaporation starts. This would account for 
the observation that the rotation rate in the spin-coating process has little effect on 
the film thickness. Also, the low concentrations of the casting solutions means 
that there is little viscosity change for the different solutions, which also is 
consistent with the spin rate having only a small effect on the resulting film 
thickness.   
Polarized absorbance spectra were recorded to provide further 
understanding of the Rh6G thin film structure. With the available instrumentation, 
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only polarization in the plane of the glass substrate (x-y) was accessible. Thus, if 
the Rh6G transition moment lies parallel to the surface, absorption would be 
observed but if the transition moment is perpendicular to the surface then no light 
would be absorbed. Figure 1-4 shows the polarized spectra for several different 
film thicknesses. For the thinnest films, Figure 1-4A, the x-y polarized spectra 
show absorption for the low energy peak and significant noise around the high 
energy shoulder. As the thickness is increased, the polarized spectra have the 
same shape as the unpolarized spectrum but with less intensity, figure 1-4B. With 
further increase in thickness, Figure 1-4C, the polarized spectra almost match the 
unpolarized spectra. Finally, at the highest thicknesses, Figure 1-4D, the polarized 
spectra is similar to unpolarized spectra at high energy, but the polarized spectrum 
is less intense in the low energy region. 
The steady state emission spectra are shown in Figure 1-5. Similar to the 
absorption spectra, both the intensity and the emission wavelength maximum are 
strongly affected by the film thickness. As shown in Figure 1-5A, the emission 
maxima shift to longer wavelength as the film becomes thicker. The normalized 
spectra shown in Figure 1-5B demonstrate the lineshape changes. As the films 
become thicker the peaks become broader. All of the emission spectra could be 
deconvoluted into 4 peaks, with the parameters given in Table 1-1 and 
representative fits shown in Figure 1-S3. 
Figure 1-6 shows the emission data plotted as a function of film thickness 
and the Rh6G casting concentration. Thinner films have stronger emission (Fig. 
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6A) and shorter wavelength maxima (Fig. 6B) while thick films have longer 
wavelength maxima and are strongly quenched. 
Figure 1-7 shows plots of normalized absorption, emission, and excitation 
spectra for several film thicknesses. For very thin films, <1.2 nm, the absorption 
and excitation spectra superimpose. However, in this thickness range, the 
apparent Stokes shift is increasing slowly with increasing film thickness. When 
the film thickness is >1.2 nm the absorption and excitation spectra no longer 
match. The excitation spectra always match the high energy portion of the 
absorption but the low energy peaks are missing. Deconvolution of the excitation 
spectra gave the exact same peaks and linewidths, given in Table 1-1, as found for 
the absorption spectra. 
We measured the excited state lifetimes for the radiative decay for the 
films as a function of thickness, as shown in Figure 1-8A. Two or three lifetimes 
were required to fit the decay curves for the excited state of the thin films, 
depending upon the thickness: τ1 = 4.0 ± 0.6 ns, τ2 = 1.9 ± 0.7 ns and τ3 = 0.4 ± 
0.3 ns, as shown in Figure 1-8B. As the film thickness increases, the lifetimes 
apparently decrease slightly, but this may be an artifact caused by the increased 
scattering in the thin films. Figure 1-8C shows the time resolved emission spectra 
for a film with a thickness of 1.1 nm. The dominant feature in the TRES is a peak 
centered at ~550 nm with a lifetime in the 1 – 2 ns region. This peak is assigned to 
the τ1 = 1.9 ns component found from fitting the decay curves. The TRES reveal 
a second peak centered at about 575 nm with a longer lifetime, which is assigned 
to the τ1 = 4.0 ns component. No component at longer wavelengths was found in 
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the TRES, presumably because the signal to noise ratio is so poor for these 
weakly emitting species. 
Finally, we used the XPS results to measure the C 1s binding energy as a 
function of film thickness. The results are shown in Figure 1-S4. As the Rh6G 
film gets thicker the binding energy becomes smaller, changing from ~286 eV for 
a 0.7 nm film to ~284 eV for a 2.1 nm film. This shift may arise because of 
structural changes in the thin film or because of charging effects associated with 
the thick, nonconducting Rh6G film.40   
The spectral results suggest the following structures. The Rh6G monomer 
(M) is found at some concentration in all films. The absorption maximum for the 
monomer is 527 nm and the emission maximum is found at 550 nm and the 
lifetime is τ2 = 1.9 ns. The polarized spectra indicate that the transition moment of 
the monomer is located in the plane of the substrate. The second structure is an 
oblique dimer (D), giving rise to excitonic absorption peaks at 500 nm and 548 
nm. From exciton theory26,27 the angle θ (Scheme 1-1) can be found from the 
relative intensities of each absorption peak and was estimated to be ~67° (±5°). 
Emission occurs from the oblique dimer only from the lower energy state, 
assigned to the peak at 600 nm. The third structure is an aggregate (A) (or perhaps 
initial crystallization) of three or more Rh6G molecules. Aggregates are only 
found in films with average thicknesses greater than a monolayer (>1.2 nm) and 
are assigned the absorption peak at 562 nm. A is weakly emissive at 650 nm with 
a lifetime of τ3 = 0.4 ns, typical of aggregates because of the increased number of 
nonradiative pathways available. Finally, the emission peak at 573 nm is assigned 
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to an excimer (E) with a lifetime of τ1 = 4.0 ns. The presence of E is implied by 
the observation that the absorption and excitation spectra overlap for films less 
that about 1 monolayer thick but the emission spectra show an increase in 
intensity the 573 nm region as the density of molecules on the surface increases. 
The relative amounts of each peak based on the deconvoluted areas are 
shown in Figure 1-S4. For the thinnest films (< 0.7 nm) the absorption is 
approximately equally distributed between M (or E) and D. The thinnest films 
prepared here, ~0.7 nm thick, are about 0.5 monolayer, assuming a closest packed 
structure and a spherical Rh6G with a diameter of 1.4 nm. At this thickness only 
about 1.6% of the Rh6G molecules have no nearest neighbors. Thus, observation 
of a high percentage of D in the absorption is not surprising. The emission in the 
submonolayer films is also dominated by M and E. The lifetime of the monomer 
is 1.9 ns, slightly less than the 4.22 ns lifetime for Rh6G in DMF solution,41 but 
comprises the largest fraction of decay for films less than 0.7 nm thick (see Table 
1-S1). The emission peak at 573 nm and the peak found at ~575 nm in the TRES 
with a lifetime of 4.0 ns is consistent with the assignment of an excimer. As the 
films become thicker, the absorption associated with M becomes small and that 
with A increases. The emission of the thicker films arises primarily from E and D. 
Only for the thickest films does the fraction of emission from A become 
significant, although the absolute emission is quenched. 
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CONCLUSION 
 
Thin films of Rh6G formed by spin-casting, dip-coating, and drop-coating 
methods exhibit the same spectroscopic and structural characteristics – the coating 
method does not affect the film structure. At extremely low dye density, when the 
surface coverage is low, the spectroscopic signature of the monomeric structure is 
dominant. But even at submonolayer coverages evidence for exciton dimers and 
excimer formation is found since most of the Rh6G molecules have a nearby 
neighbor. Based on the exciton geometry, inferred from the intensities of the two 
peaks associated with the excited state oblique structure, the Rh6G molecules 
with nearest neighbors are tilted with respect to the surface at ~67°. A further 
increase in dye density, when the second layer starts to form, results in 
aggregation or crystallization. This leads to significant quenching of the emission 
spectrum and suppression of the monomer, excimer, and exciton emission. 
 Film thickness and structure can be determined by simply measuring the 
absorption spectrum. For the thinnest films, one monolayer or less (< 1.2 nm), the 
absorption maximum is found between 520 and 530 nm and the absorbance is less 
than 0.025. For films of 1 to 10 monolayers the absorption maximum gradually 
shifts from ~530 nm to ~560 nm as the films become thicker and the absorbance 
maximum varies between ~0.025 and ~0.14. For films greater than 10 
monolayers, where crystallization may be starting, the absorption maximum is 
562 nm and the absorbance linearly depends on the thickness. Despite these 
simple empirical observations, the nature of the excited states change 
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considerably, even in the submonolayer regime. The changes in the excited state 
strongly influence the emission characteristics. In films where the average 
thickness is about 0.5 monolayer the emission from the excited states are 
dominated by excimers. When this thickness grows a small amount, to 0.7 – 0.8 
monolayer, the primary excited states becomes a mix of excimers and excitons, 
which is demonstrated effectively by the shape of the excitation spectrum. At ~1 
monolayer, the excimer excited state becomes less populated and as the thickness 
grows the aggregate/crystalline structure becomes increasingly important. When 
the films are several monolayers thick, the aggregate/crystalline structures quench 
the emission precipitously. 
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Peak Absorbance 
(λ, Γ)  
Excitation 
(λ, Γ)  
Emission 
(λ, Γ)  
Thickness 
(nm)  
Concentration (M)  
1 500, 26  500, 26  550, 16  0.6-60  6×10-7 – 1×10-2  
2  527, 14  527, 14  573, 21  0.6-60  6×10-7 – 1×10-2  
3  548, 14  548, 14  600, 35  0.6-60  6×10-7 - 1×10-2  
4  562, 16  562, 16  650, 47  1.2-60  3×10-4 – 1×10-2 
 
 
Table 1-1. Deconvoluted peak composition (using a Gaussian lineshape) for 
absorption and emission spectra as a function of nominal film thickness and Rh6G 
concentration used. The peak positions (λ) and full width at half-maximum (Γ) are 
given in pairs. The uncertainties for both λ and Γ are ± 2 nm. 
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Scheme 1-1. Energy levels for excimer (left), monomer (center), and exciton 
dimers (right) 
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Figure 1-1. Absorption spectra (A) and normalized absorption spectra (B) for 
spin-cast Rh6G thin films as a function of the concentration of Rh6G in the 
applied solution. All thin films were formed using a maximum rotation of 1200 
rpm. 
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Figure 1-2. λmax (A) and the absorbance at λmax (B) of thin films prepared by 
different methods plotted as a function of the film thickness with a range from 0 
nm to 60 nm. The symbol shape indicates the deposition method: Circles for spin-
casting, squares for drop-coating, and triangles for dip-coating. The symbol color 
indicates how the thickness was determined: red, reflection spectra; green, XPS; 
blue, density calculation; pink, AFM. (C) Shows an enlarged plot of the region 
with thickness below 12 nm. 
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Figure 1-3. A: spin-cast thin films as a function of solution concentration and 
maximum rotation velocity. B: comparison of film thickness using spin-coating 
(1200 rpm), drop-coating, and dip-coating as a function of solution concentration. 
Note the log scale for concentration. C. Relation between film thickness and spin 
speed. D. Relation between film thickness and pulling speed for dip coating. 
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Figure 1-4. Absorption spectra using unpolarized light (black) and light polarized 
in the plane of the substrate (x-y). Film thicknesses: (A) 0.7 nm; (B) 1.1 nm; (C) 
1.4 nm; and (D) 2.1 nm. 
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Figure 1-5. (A) Steady-state emission spectra and (B) normalized emission 
spectra for spin-cast Rh6G thin films as a function of film thickness: 0.7 nm; 1.0 
nm; 1.1 nm; 1.2 nm; 1.4 nm; 2.1 nm. 
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Figure 1-6. (A) Emission intensity changes, (B) emission wavelength maxima 
shifts as a function of Rh6G film thickness. 
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Figure 1-7. Normalized emission (green), excitation (red) and absorption (black) 
spectra of Rh6G: (A) t = 0.7 nm; (B) t = 1.0 nm; (C) t = 1.2 nm; (D) t = 2.1 nm 
thin film. 
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Figure 1-8. (A) Lifetime decay of 0.7 nm (red), 1.1 nm (blue), and 2.1 nm (green) 
thin films. (B) Lifetime as a function of film thickness, and (C) TRES of 1.1 nm 
Rh6G thin film at different times. All spectra are normalized at their 
corresponding peak maxima. 
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Thickness 
(nm) 
τ1 (ns) 
 
τ2 (ns) τ3 (ns) B1 B2 B3 
0.5 3.6 1.5  0.13 0.87  
0.5 4.9 1.7  0.13 0.87  
0.5 4.1 1.5  0.10 0.90  
0.5 3.7 1.4  0.12 0.88  
0.5 2.9 1.3  0.17 0.83  
0.6 3.8 1.4  0.07 0.93  
0.6 4.8 2.6  0.32 0.68  
0.7 4.1 1.9  0.21 0.79  
0.7  2.2 0.4  0.44 0.56 
1.0  2.2 1.0  0.54 0.46 
1.0  2.4 0.9  0.33 0.67 
1.0  2.5 0.9  0.39 0.61 
1.1  3.1 0.5  0.14 0.86 
1.1  1.4 0.3  0.11 0.89 
1.1  1.3 0.2  0.06 0.94 
1.2  2.7 0.7  0.27 0.73 
1.3  3.1 0.5  0.12 0.88 
1.3  3.2 0.6  0.15 0.85 
1.7  2.0 0.1  0.06 0.94 
1.7  1.4 0.0  0.06 0.94 
2.0  1.2 0.1  0.16 0.84 
2.1  1.5 0.2  0.21 0.79 
2.2  1.1 0.2  0.19 0.81 
Table 1-S1: Fluorescence lifetimes for a range of different thickness of Rh6G thin 
films on glass. All decay curves are 3-exponential fits: 
 𝐼(𝑡) = 𝐵1𝑒
−𝑡 τ1⁄ + 𝐵2𝑒
−𝑡 τ2⁄ + 𝐵3𝑒
−𝑡 τ3⁄  
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Figure 1-S1. Refractive index and extinction coefficient for Rh6G on fused silica. 
These provided the parameters used to determine thickness. 
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Figure 1-S2. The representative absorbance fits for several 
thicknesses/concentrations by using the parameters given in table 1-S1 
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Figure 1-S3. The representative emission fits for several 
thicknesses/concentrations by using the parameters given in table 1-S1. 
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Figure 1-S4. The binding energy shifts for carbon as a function of thin film 
thickness/concentration. 1x10-6 M, 0.7nm; 1x10-5 M, 1.1 nm; 4x10-4 M, 1.4 nm; 
and 5x10-4 M, 2.1 nm. BSG = borosilicate glass. 
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Figure 1-S5. Thin films structure composition with different 
thicknesses/concentrations according to deconvolution of (A) absorption spectra, 
and (B) emission spectra. M stands for monomer, E stands for excimer, D stands 
for oblique dimer, and A stands for crystalline structure/large aggregate. 
B 
A 
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CHAPTER 2 
 
ABSTRACT 
 
Rhodamine 6G (Rh6G) tends to form aggregates at higher concentrations; 
the presence of aggregates leads to strong fluorescence quenching. Therefore, 
understanding and controlling the state of aggregation of the dye molecules is of 
great interest. A series of solvents, differing in polarity were utilized to investigate 
Rh6G at various concentrations, and they influence absorption, excitation and 
emission spectra, the observed spectrum are accounted for by monomer, excimer, 
dimer, and excited state exciplex formation. The size of monomer  and dimer 
measured by light scattering to be 1.4 ± 0.2 nm and 3.3 ± 0.6 nm. 
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INTRODUCTION 
 
Rhodamine 6G is a well-known dye for fluorescence application due to its 
strong emission. Rh6G tends to self-aggregate at higher concentrations.1,2 This 
could induce dramatic color changes, that is, changes of the extinction 
coefficient.3,4 It could also modify the absorption characteristics such as spectral 
shifts and band splitting.5–7 Moreover, the fluorescence quantum yield and decay 
time could also be decreased.8–10 
The first stage of the dye aggregation should be the formation of a dimer, 
but further increases in the dye concentration would lead to the formation of high-
order aggregates.11–13 In order to form the simplest aggregate, a dimer, the dye-
dye interaction must be strong enough to overcome any other forces that would 
favor solvation of a monomer.14,15 Hydrogen bonding and hydrophobic 
interactions are the possible binding mechanism between Rh6G aggregates.16–18 
Therefore, the formation of aggregates is influenced by the hydrophobicity of the 
environment and the electrostatic interaction of the dye molecules.13,17–20 
The exciton theory suggests when dimerization occurs, the two-excited 
states split.19,21,22 The relative orientation of the transition moment vector of the 
monomeric unit in the aggregate affects the energy gap and the transition 
probabilities from the ground to excited states.5,11,19,22–24 A blue shift (relative to 
the monomer peak) is characteristic of an H-dimer, while a red shift is assigned to 
a J-dimer.9,22–24 An H-dimer is non emissive and normally associated with a 
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sandwich type structure, and a J-dimer is emissive and is a head-to-tail linear 
structure.9,22–24 
An electronically excited monomer tends to form dimers with an adjacent 
ground state monomer at higher concentration, forming a electronically excited 
state dimer and is called an excimer.25–28 The fluorescent quantum yield decreases 
at high concentration, but the absorption spectrum will not change since there is 
no ground state association.29–32 Similarly, a complex formed between an excited 
state monomer and a ground state molecule of a different nature is called an 
exciplex.33–35 
As previously reported, Rh6G thin films were spin cast onto a glass 
substrate using ethanol (EtOH) as a solvent.36 The thickness of the Rh6G film was 
controlled by the concentration of the casting solutions, surface coverage and dye 
density on the surface.36 At extremely low dye density, when the surface coverage 
is low, monomeric structure is dominant, excited state excimer and exciton dimer 
formation is also found in most of the Rh6G molecules have a near by neighbor. 
Further increase in surface coverage and dye density, additional layer of Rh6G 
forms and aggregated Rh6G grow until eventually the aggregated Rh6G 
dominates the structure.30,36–41 Theoretically, the behavior of Rh6G molecules in 
solution could be similar as in the solid, changing from monomeric unit to 
aggregates as a function of dye density.36–41 
The purpose of this study is to investigate the structure of Rh6G molecules 
in different solvents at different concentrations.  A series of 5 different solvents 
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(acetone, acetonitrile (CH3CN), dimethylformamide (DMF), ethanol (EtOH) and 
water) were studied. A wide range of concentrations was studied. The transition 
from primarily monomers to aggregate was abrupt in pure solvents. Thus, a mixed 
solvent system of EtOH/Water was used to better control particle growth. 
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EXPERIMENTAL SECTION 
 
Rhodamine 6G chloride (Rh6G) was supplied by Acros Organics and was 
used without further purification. Dye solutions were prepared with a range of 
concentration from 1 × 10–7 M to 1 × 10–2 M in all solvents. acetone, acetonitrile 
(CH3CN), dimethylformamide (DMF), Ethanol (etOH), all with purity >99%, 
were purchased from Sigma Aldrich or Fisher Scientific and used without further 
purification. Reverse osmosis purified water was obtained from the University of 
Rhode Island, Department of Chemistry. 
The absorption spectra were obtained using a Perkin Elmer Lambda 1050 
spectrometer. The slit width was set to 2 nm for low concentration solutions, and 
0.1 nm for high concentration solutions, the wavelength range was set from 700 
nm to 350 nm, and the integration time was set to 5 s for samples made with 
concentrations lower than 1 × 10–4 M, 0.2 s for samples made with concentrations 
above 1 × 10–4 M, the cuvette pathlength was 1 mm for concentrations lower than 
1 × 10–5 M, and 0.1 mm pathlength cuvette was used for concentrations higher 
than 1 × 10–5 M.  All spectra were baseline corrected by automatic baseline 
subtraction with PeakFit v4.12 software. 
The fluorescence emission spectra and excitation spectra was acquired using a 
Horiba (Jobin Yvon) Fluorolog spectrometer. The light source used was a Xenon 
arc lamp. For emission spectra, the excitation wavelength was set at the 
absorbance maximum, the slit width was set to 2 nm for low concentration 
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solutions, and 0.1 nm for high concentration solutions, the wavelength range was 
set from 700 nm to 350 nm, the cuvette pathlength was 1 mm for concentrations 
lower than 1 × 10–5 M, and 0.1 mm pathlength cuvette was used for 
concentrations higher than 1 × 10–5 M. For excitation spectra, the detection 
wavelengths used were 550 nm, 570 nm, 600 nm, and the maximum emission 
wavelength.  
Number weighted size distribution, volume weighted size distribution, and 
intensity weighted size distributions were obtained by dynamic light scattering 
using a Malvern Zetasizer Nano instrument. Scattering optics were set at 90 
degree with the cuvette temperature set at 20°C, the integration time was 
automatically set to get a good signal-to-noise ratio, every measurement were 
performed after 2 minutes waiting time to allow solutions to be at rest, and every 
measurement was repeated 10 times. 
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RESULTS AND DISCUSSION 
 
Solvent and Concentration effects. Figure 2-1 displays the absorption and 
emission spectra of Rh6G dissolved in each separate organic solvent and water. The 
solvents have different polarities: acetone (0.355), Dimethylformamide (0.386), 
acetonitrile (0.460), ethanol (0.654), and water (1). 
Figure 2-1A and 2-1C are the normalized absorbance and emission spectra for 
low Rh6G concentration, the spectra differ in terms of peak wavelength, and the 
normalized general spectral shapes are virtually identical. At this concentration, there is 
minimal solvent influence on the molecular structure and the fluorescence process.  Small 
deviations in the location of peak maxima can be attributed to the effects that solvents of 
differing polarity have on Rh6G molecule solvation. 
Rh6G molecules tend to form aggregates at increased concentrations. As shown 
in Figure 2-1B, increasing total dye concentration leads to an increase in the absorption 
intensity of the high energy shoulder. The shoulder peak intensity is clearer in water, the 
absorbance maximum peak shift from 530 nm to 500 nm. At the same time, the 
fluorescence spectra change their shape in the high concentration solution. The emission 
peak shifted to the lower energy side and emission at long-wavelength region appeared. 
At this concentration, aggregate formation is favored in the presence of water.  
In order to analyze the emission spectra more quantitatively, emission peak 
wavelength and intensity are plotted as a function of Rh6G concentration in Figure 2-2A 
and 2B, respectively. As stated in the previous paper, as dye density and surface coverage 
increases, Rhodamine 6G forms excited state excimer, which absorbs at 525 nm and has 
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an emission at 570 nm; further increases in concentration result in dimer formation with 
an emission peak wavelength at 600 nm.  
Of interest within Figure 2-2A is that at concentration below 1 x 10-5 M, the peak 
wavelength is virtually constant for all five solvents, and are below 560 nm. This 
indicates that the Rh6G molecules are truly isolated and solvated in this regime. The peak 
wavelength continuously increases with increasing concentration to 1 x 10-4 M in all five 
solvents, indicating there are noticeable contributions from excited state excimer or 
dimers in this concentration region, but the peak wavelength is still dominated by the 
monomeric fluorescence structure as it is below 570 nm. In water, there is a huge jump in 
the peak wavelength from 1 x 10-4 M to 1 x 10-3 M, and the dominating peak changes 
from 560 nm to 610 nm, indicating the dominating structure changes from monomer to 
aggregates. 
In general, as concentration increases, the emission intensity increases if no 
aggregation occurs. Such as for ethanol solvent, the emission intensity only reaches a 
maximum at 1 x 10-3 M as shown in Figure 2-2B. But for water, it reveals a maximum 
intensity around 5 x 10-5, and intensity decreases when going to higher or lower Rh6G 
concentrations. The alkyl groups of Rh6G dye are hydrophobic in nature, and therefore 
they prefer to aggregate in water. On the other hand, ethanol can solvate the Rh6G 
molecule extensively at different places, such as the methyl, and ethylamine group, and 
oxygen, so the aggregation of Rh6G occurs at much higher concentration than in water. 
Water and ethanol were chosen to study the aggregation process in detail as 
follows. 
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Aggregation Study in Water, Ethanol and Water-Ethanol binary Solvents. For 
both Rh6G in ethanol and water, the absorbance spectra consist of a 530 nm main peak 
and a small shoulder peak around 500 nm as shown in Figure 2-3. The absorbance spectra 
shape did not change with increasing concentration in ethanol. But in water, the 500 nm 
peak slowly increases with increasing dye concentration. 
As shown in Figure 2-4, the absorbance spectra of a 1 x 10-3 M Rh6G is observed 
in a binary of ethanol and water with solvent:solvent ratios ranging from 10:0 to 0:10 
respectively. Observing the spectra of pure ethanol with increasing fractions of water, the 
500 nm peak slowly increases at the expense of the 530 nm peak, which results in the 
emergence of an isosbestic point at 508 nm. The presence of this isosbestic point 
indicates that only two species are present in the solutions, which are attributed to a 
monomer and the first order aggregate, a dimer. The absorbance shape of the dimer has 
the maximum 500 nm peak with a large 530 shoulder.  
The size of Rh6G molecules in ethanol and water was measured and the size 
distribution by volume and intensity was shown in Figure 2-5 and Figure 2-6. In the 
volume distribution, the area of the peak is depending on the volume of the particle 
(volume of a particle sphere is equal to 4/3π(r)3), and is proportional to the 3rd power of 
its diameter42,43. In intensity distribution, the area of the peak is proportional to the sixth 
power of its diameter from Rayleigh’s approximation. The size distribution was much 
wider in water compared to in ethanol42,43.  
In ethanol, the size distribution shows the size of molecule was ranging from 0.8 
to 3 nm, with the two similar peaks at 0.8 ± 0.2 nm and 1.5 ± 0.2 nm. The average size 
calculated based on the volume is 1.4 ± 0.6 nm, and the average size calculated based on 
the intensity is 1.4 ± 0.6 nm. The hydrogen bonds between ethanol and alkyl amine group 
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could possibly keep the solvent molecules nearly parallel to the planar xanthene ring, 
making the stacking of the monomers difficult, so the average molecule size in ethanol 
should be in the monomeric unit range, as shown in Figure 2-7, the size of one 
monomeric unit is calculated based on the bond angles and bond length by using 
Chemdraw program, and is between 0.7 nm – 1.4 nm depending on the direction of the 
measurement.  
While in water the size was ranging from 0.8 nm to 6 nm, with major peak at 
3.25 ± 0.6 nm and a much smaller peak at 1.4 ± 0.2 nm.  The average size calculated 
based on volume is 3.03 ± 0.3 nm, and the average size calculated based on the intensity 
is 3.3 ± 0.3 nm. At high concentration, the Rh6G molecules arrange themselves in dimer 
or larger aggregates. In dimer, two structures can be found. Sandwich structure (H-type 
dimer), in which the xanthene rings are in parallel planes with a twist angle. Linear 
configuration (J-type dimer), where the xanthene rings is in the same plane. Due to the 
hydrophobic character of the xanthene ring, the parallel plane is more favored in water in 
order to avoid the solvating water molecule, so the H-type dimer is energetically favored.  
The absorption spectra were deconvoluted into the component parts, only four 
peaks were required to fit the observed spectra. The absorption maxima and the line 
widths are given in Table 2-1. 
In monomeric solution, peak 1 at 508 nm and peak 2 at 531 nm are required to fit 
the spectra that account for vibronic shoulder and monomeric absorbance peak. The ratio 
between these two peaks are 509 nm / 531 nm = 0.88.  
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As formation of dimer starts, the 531 nm peak slowly decreases, with formation 
of new peaks at 499 nm and 508 nm. The 499 nm peak dominates in the most 
concentrated Rh6G in water. 
A particularly interesting feature is the change of band shape of the fluorescence 
emission for 1 x 10-3 M Rh6G in water, and this is due to detector saturation. The 
emission spectra can no longer be obtained at this concentration. 
As shown in Figure 2-8, at concentrations lower than this 1 x 10-4 M, the 
emission band shapes of water and ethanol samples are very similar. However, the shapes 
of emission spectra are the same but with small shift to the lower energy side. This 
emission peak shift to the lower energy side is due to vibronic coupling. The emission 
spectra were deconvoluted into the component parts, the emission maxima and the line 
widths are given in Table 2-2. 
At low concentration, majority of Rh6G are in the solvated monomeric state, 
have the absorbance peak at 531 nm and small shoulder at 508 nm.  In the excitation 
spectra, there is a major peak at 531 nm, and smaller peak at 508 nm in excitation spectra, 
the absorption and excitation spectra superimpose as shown in Figure 2-9. Emission 
spectra consists of 4 peaks as shown in Table 2-2, have the same line width and with 
similar energy gap in between, which can be the result of vibronic coupling.  
The enlarged Frank-Condon shifts allow explain this observed shape of the dimer 
absorption and emission cross-section spectra as shown in Figure 2-10. Due to the 
binding energy between two molecules, the potential energy surfaces are lowered 
compared to the monomer. The energy levels of both molecules in the dimer are 
somewhat different due to the mutual interaction. The Frank-Condon shifts of both 
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molecules are also assumed to be larger than the Frank-Condon shift of an undisturbed 
monomer.  
In general, the formation of dimer has been investigated through study of Rh6G 
thin film on glass substrate in our previous paper. At low Rh6G concentration, most dye 
molecules are isolated from each other and fully solvated, hence the emission band is 
around 560 nm. As the concentration increases, the emission maxima wavelength shift to 
the low energy side, the excited state excimer started to form, resulting in the emission 
shift to 580 nm. The 584 nm emission peak in solution increases as concentration 
increases, is assigned to be the excited state Rh6G excimer. The weak emission at 620 
nm can be attributed by large size exciplex in the solution. Increase in concentration 
greatly affects the excited state excimer formation, but the excited state exciplex is less 
concentration depended as shown in Figure 2-11. 
The monomeric emission decreases as the concentration goes up as a result of 
formation of dimer, the 499 nm absorbance peak is associated with the dimer absorbance, 
and it is non emissive, which means it is a H-type dimer. 
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CONCLUSION 
 
In this work, the solvent and concentration effects in the absorption and 
fluorescence spectra of the Rh6G were studied. A full Rh6G concentration range in five 
different solvents, from the solubility limit to highly dilute systems, was studied in detail. 
A very small change of the spectrum was observed in all solvents at low concentration. 
When the dye concentration increases in water, a significant change is observed in both 
absorption and emission.  
A careful analysis of the spectra revealed the formation of molecular dimers at 
high concentration. This is indicated by the appearance of a second absorbance spectral 
band, which is red-shifted with respect to the fully solvated, isolated monomers. The 
formation of dimer is also studied by the size change from monomeric dominating 
solution to dimer dominating solution. It shows that the monomeric unit has an average 
size of 1.0 ± 0.2 nm, and average size of 3.25 ± 0.6 nm for the dimer dominated solution. 
The ratio of monomer to dimer structure can be altered either by increasing the 
concentration in water, or increasing the water solvent ratio in the mixed solvent, and this 
provides the tunability between 550 nm to 610 nm for emission wavelength. The type of 
dimer formed in water is H-type non-emissive dimer. Excited state excimer and excited 
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state exciplex which emits at 584 nm and 620 respectfully, were identified in the 
monomeric solution.  
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Peak λmax 
(nm) 
Γ 
(nm) 
[Rh6G] in Ethanol [Rh6G] in Water 1 x 10-3 M 
(EtOH : H2O) 
1 508 26 1 x10-7 M – 1 x 10-3 M 1 x10-7 M – 1 x 10-5 M 10:0 – 3:7 
2 531 12 1 x10-7 M – 1 x 10-3 M 1 x10-7 M – 1 x 10-3 M 10:0 – 0:10 
3 508 32  1 x10-5 M – 1 x 10-3 M 2:8 – 0:10 
4 499 11  1 x10-5 M – 1 x 10-3 M 2:8 – 0:10 
Table 2-1. Deconvoluted peak composition (using a Gaussian Line Shape) for Absorption 
spectra as a function of concentration and solvent ratio. Peak position (λmax) and FWHM 
(Γ) have an uncertainty of ± 2 nm. 
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Peak λmax (nm) Γ (nm) [Rh6G] in H2O and EtOH 
1 546 11 1 x10-7 M – 1 x 10-5 M 
2 555 11 1 x10-7 M – 1 x 10-4 M 
3 564 11 1 x10-7 M – 1 x 10-4 M 
4 573 11 1 x10-7 M – 1 x 10-4 M 
5 584 27 1 x10-7 M – 1 x 10-4 M 
6 620 47 1 x10-7 M – 1 x 10-4 M 
Table 2-2. Deconvoluted peak composition (using a Gaussian Line Shape) for 
emission spectra. Peak position (λmax) and FWHM (Γ) have an uncertainty of ± 2 
nm. 
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Figure 2-1. Normalized spectra of Rh6G in different solvents: (A) Absorption spectra at 1 
x 10-7 M, (B) absorption spectra at 1 x 10-2 M, (C) Emission spectra at 1 x 10-7 M, and (D) 
Emission spectra at 1 x 10-2 M. 
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Figure 2-2. The change of (A) Emission peak wavelength, and (B) emission intensity as a 
function of Rh6G concentration in different solvents. 
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Figure 2-3. Normalized absorbance spectra for Rhodamine 6G dissolved in Ethanol (A) 
and in water (B). 
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Figure 2-4: The absorption spectra to show solvent ratio (binary solution of 
Ethanol:Water) effect in 1x10-3 M Rh6G solution 
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Figure 2-5. Molecule size distribution in terms of volume for 1 x 10-3 M Rh6G in  (A) 
Ethanol, and  (B) in Water 
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Figure 2-6. Molecule size distribution in term of intensity for 1 x 10-3 M Rh6G in  (A) 
Ethanol, and  (B) Water 
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Figure 2-7. Molecular structure of the Rh6G monomer  
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Figure 2-8. Emission spectra of Rhodamine 6G in Ethanol (A) and in Water (B) 
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Figure 2-9. Normalized absorption (black), emission (red), and excitation (green) spectra 
of 1 x 10-7 M Rh6G in water 
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Figure 2-10. Normalized absorption (black) and emission (red) spectra for Rh6G 
in water at concentration (A) 1 x 10-7 M, (B) 5 x 10-5 M, and (C) 1 x 10-4 M. 
  
A B C 
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Figure 2-11. The molecular structure composition of Rh6G in water as a function of 
concentration according to deconvolution of emission spectra.  
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CHAPTER 3 
 
ABSTRACT 
 
The wrinkle patterns observed in PMMA are of the length scales that they 
could provide interesting optical effects. The wavelengths are in the range of 
visible, NIR, and IR light so the interaction of light with these structures may lead 
to trapping or redirection of the light. The amplitudes of the wrinkle patterns are 
in the tens of nm range, which might allow quantum confinement of small 
molecules located in the valleys. The relation between wrinkle amplitude and 
wrinkle wavelength can be controlled by the film thickness, which is further 
controlled by solution concentration and spin rate. 
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INTRODUCTION 
 
The surface morphology of polymer films can have a strong influence on 
the interfacial properties and has been studied for many years in terms of 
adhesion.1,2 Of more recent interest is the ability to pattern polymer thin films that 
then can be used as substrates for a variety of diverse areas, ranging from 
microelectronics3-6 to understanding cell growth.7,8 One common method for 
patterning a polymer surface is to induce wrinkling,9,10 which, ideally, induces a 
periodic series of ridges and valleys. Wrinkles have been proposed to be used for 
stretchable electronics,5,6 microlens applications,11 and measurement of thin film 
mechanical properties.12-17 
Wrinkles on polymer thin films can be formed spontaneously and is done 
by a variety of methods.9,10,18-26 Typically these are multistep processes: a 
template is produced using a mechanically or thermally induced compressive 
stress (generally poly(dimethylsiloxane), PDMS) and then the template is used to 
transfer the wrinkle pattern to another substrate. The other common approach is to 
use block co-polymers, which aggregate into different phases that create the 
wrinkle.27-35 A compendium of the different patterning approaches can be found 
in the comprehensive review by Rodríguez-Hernández.10  
It has been reported that spin-casting can be used to create wrinkles in 
selected polymer systems.28,35,36 In this research we are able to demonstrate 
wrinkle patterns in poly(methylmethacrylate) (PMMA) films by simple spin-
casting without any templating or additional field to induce the periodic 
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deformation. PMMA is one of the polymers used to establish the foundational 
parameters for spin-casting.37-41 In developing models to describe spin-casting, it 
was always assumed that the films had a uniform thickness. However, it was later 
recognized that solvent-polymer interactions could be used to influence surface 
roughness,42-44 but no periodicity was reported. The spin-cast PMMA forms 
wrinkle pattern with wavelengths on the order of tens of microns and with 
amplitudes of tens of nanometers. These are the correct length scales to create a 
photonic structure that could lead to interesting properties.45-51 
This work is aiming at understanding the parameters needed to create 
wrinkle patterns in polymer thin films. The periodicity of the wrinkles correlates 
with polymer thickness as controlled by changing the concentration of PMMA in 
the spin-casting solution. These data will be used to develop a model to predict 
wrinkle patterns. Finally, the study of wrinkle patterns act as a photonic structure 
and can influence the light emission of rhodamine 6G (Rh6G), a common laser 
dye will be investigated in the next paper. 
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EXPERIMENTAL SECTION 
 
Microscope glass slides were cut into dimensions of 3.75 cm x 1.75 cm, 
followed by placing in a container of 95% ethanol (EtOH, Pharmaco-Aaper) and 
sonicated for 15 minutes. The Glass slides were rinsed and placed in water and 
sonicated for another 15 minutes, followed by drying with N2 gas. 
Different w/v solution of poly(methylmethacrylate) (PMMA, Signa-Aldrich, MW 
~ 120000) was made in tolulene and sonicated for 4 hours at room temperature to 
ensure all PMMA was in solution. 
The PMMA solution was applied to the glass substrate by spin casting. 2 
minutes of purge with N2 was done to reduce the humidity when humidity is 
above 20%. A 250 μl aliquot of solution was placed on the sample and was spun 
at a given RPM for 45 seconds. The sample was then placed in the over set at 60 
°C for 1 minutes to dry. 
The film thickness of the PMMA was determined by obtaining the 
fringing patterns in the reflection and absorption spectra from a PerkinElmer 
Lambda 1050 UV/vis/NIR spectrometer with 2.0 nm slit widths. Also, this film 
thickness of the PMMA was measured using a Filmetrics F40 thin film analyzer. 
The reflection spectrum was recorded with a tungsten halogen light source over a 
range of 400-900 nm and then compared to a calculated spectrum of given 
thickness and refractive index. The surface roughness and topography was 
obtained from optical profilometry (The Profilm 3D). 
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RESULTS AND DISCUSSION 
 
PMMA films were produced by spin-casting a series of different 
concentrated PMMA solutions onto a glass slide at rotation rate of 1200 RPM. 
The edge of the films tend to be thicker than the center of the films at this rotation 
rate, so all the thickness were measured at the center of the film. 
Spin-casting has been used to create polymer films for many years. The 
virtues of the method are that it is simple, highly reproducible, and gives films of 
controlled thickness. The thickness of a spin-cast can be estimated by 
ℎ = 𝜒𝑝𝑜𝑙𝑜 [𝜂𝑜 (
𝑐𝐷𝑔
𝜈𝑔
1 2⁄ 𝜌
) (𝑝𝑠𝑜𝑙𝑀𝑝𝑜𝑙𝑅𝑇 ) (1 − 𝜒𝑝𝑜𝑙
𝑜 − 𝜒𝑠𝑜𝑙∞ )]
1 3⁄ 1
𝜔1 2⁄
  [1] 
where 𝜒𝑝𝑜𝑙𝑜  is the mass fraction of polymer in the initial solution, 𝜂𝑜  is the 
viscosity of the initial solution, 𝜒𝑠𝑜𝑙∞  is the mass fraction of pure solvent in the gas 
phase at equilibrium, 𝜔 = rotational velocity, Dg is the diffusivity of the solvent in 
the overlying gas, g is the kinematic velocity of the overlying gas,  is the 
solution density, psol is the vapor pressure of the pure solvent, Mpol is the 
molecular weight of the polymer, R is the ideal gas constant, T is the absolute 
temperature, and c = constant. Equation [1] demonstrates that controlling the 
thickness of the polymer film is complicated and can be achieved multiple ways: 
changing the concentration of the initial solution or changing the spin rate will 
have the biggest effect but changing the solvent, polymer molecular weight, 
temperature, or the composition of the overlying gas can all have small effects. 
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Primary control of the polymer thickness is attained either via spin rate or solution 
concentration. 
Figure 3-2 shows the thickness of PMMA spin-cast from a range of 
different concentration and spin rate conditions. The solid lines are fits to 
equation [1], in the simplified form h = A/ ½. The fits are reasonable for all 
concentrations except the lowest, 3 mass % PMMA. Figure 3-3 shows the fit 
parameter, A, plotted as a function of initial PMMA concentration. 
Equation [1] is complicated as a function of initial concentration because there is 
implicit concentration dependence in the initial viscosity, o. The solid line in 
Figure 3-2 is a fit to 𝐴3 = (𝑎 − 𝑏𝜒𝑝𝑜𝑙𝑜 )𝜒𝑝𝑜𝑙𝑜3 , where the higher order terms in the 
brackets in equation [1] have been truncated. Again, the fit is reasonable except 
for the lowest concentration. This will allow us to determine other parameters in 
equation [1]. More importantly, equation [1] can serve as a starting point for 
understanding the details of the formation of the PMMA films. 
A closer examination of the surfaces of the PMMA films shows that there 
is a periodic wrinkle observable in the film. Figure 3-4 shows optical microscopic 
images of several films formed by spin-casting different concentrations of PMMA 
solutions. The wrinkle pattern extends radially out from the middle of the 
substrate centered about the spinning axis. 
The wavelengths of the wrinkles were measured by measuring the number 
light and dark lines along a measured distance and these results are shown in 
Figure 3-5. The wavelengths vary depending upon the thickness of the PMMA 
layer. The wrinkle wavelength increases as the PMMA film thickness increases 
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and then levels off at about 45 m when the thickness reaches about 500 nm. The 
periodicity also changes as a function of the distance from the center of the spin 
axis. The farther from the middle that the measurement is made, the longer the 
wavelength of the wrinkles. 
Figure 3-6 shows the depth profile of three samples taken near the edge of 
the film. There are several observations that can be made.  
First, the wrinkles only started to form at the concentration of 1% (w/v), 
the thickness of this PMMA film is ~160 nm. Second, the wavelength of the 
wrinkles is longer at the edges than in the center of the film, for sample 3, the 
wavelength is ~80 m, significantly higher than found in the center of the film 
(~70 m). Third, the periodicity is reasonable constant over the millimeter length 
scale. Finally the amplitude of the periodic structure is on the order of 
nanometers, and the amplitude is increasing as the film thickness increases, the 
1%, 2% and 3% PMMA film has the amplitude as 1.0 nm, 9.8 nm, and 21 nm 
respectfully. Finally, in case of the 3% w/v solution, which about 315 nm thick, 
the amplitude varies noticeable across the film: center is 13.5 nm, more cross to 
the right is 20.9 nm, and at the right edge is 37.5 nm. In contrast, the 2% w/v 
solution, which is about 200 nm thick, the amplitude is much more consistent. 
Figure 3-7 shows the height profile for a PMMA with thickness ~315 nm 
fit to a sinusoid function 
ℎ = ℎ𝑜 + 𝑎𝑜𝑠𝑖𝑛 (
2𝜋𝑥
𝜆𝑜
+ 𝑏)           [2] 
where ho is the mean film thickness if the zero of the y axis is set at the top of the 
underlying substrate, ao is the amplitude of the wave, λo is the wavelength, and b 
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is a phase shift parameter. The parameter b is arbitrary and depends solely on the 
location of the zero point of the x axis. For this sample the fit is not perfect but 
does represent the data reasonably well with amplitude ao = 15 nm, wavelength λo 
= 76 nm, and b = 6. 
Figure 3-8 shows the average amplitude as a function of PMMA thickness 
can be calculated as 
a = -40 + 1.8*t0.62  [3] 
where a is the average amplitude of the PMMA wrinkle, t is the average thickness 
of the PMMA film. This equation can be served as the basis for the quantitative 
investigation of the wrinkle formation in PMMA films. 
The wrinkle wavelength also plotted as a function of PMMA thickness as 
shown in Figure 3-9. It decreases as PMMA film increase to 230 nm, and then 
increases as the PMMA film thickness increases, and levels off at about 100 m 
when the thickness reaches about 500 nm. The decrease of the wrinkle 
wavelength could be associated with PMMA film reflective index. The reflective 
index of PMMA film drop from 1.9 to 1.53 as thickness increases to 250 nm56. 
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CONCLUSION 
 
Spin-casting is a simple method to obtain PMMA thin films with different 
film thickness. The two strongest influences on the PMMA thin film structure are 
the rotation rate and the initial solution concentration. Periodic wrinkles that 
develop in PMMA are on the length scale to act as photonic structures. The 
amplitudes are a bit larger than small molecules and the wavelengths are a few 
multiples of visible light and directly in the infrared. The periodicity of the 
wrinkles correlates with polymer thickness as controlled by changing the 
concentration of PMMA in the spin-casting solution. The wrinkled pattern starts 
to form with PMMA thickness above 160 nm, the amplitude of the wrinkle 
increases as the PMMA thickness increases, the amplitude can be predicted based 
on the PMMA thickness using equation a = -40 + 1.8*t0.62. The wavelength of the 
wrinkle decreases as PMMA film increase to 230 nm, and increases as the PMMA 
film thickness increases, and eventually levels off at about 100 m when the 
thickness reaches about 500 nm. 
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Figure 3-1. Thickness of PMMA thin film as a function of PMMA percent at 
rotation rate of 1200 RPM. The thicknesses were determined using reflection 
spectra. 
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Figure 3-2. Film thickness of PMMA with different initial solution concentration 
as a function of rotational rate. The solid lines are fits to equation [1]. 
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Figure 3-3. The fit parameter from Figure 3-2 plotted as a function of the initial 
PMMA solution. The solid line is a fit to a function of the form 𝐴3 =
𝜒𝑝𝑜𝑙𝑜3 (𝑎 − 𝑏𝜒𝑝𝑜𝑙𝑜 ). 
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Figure 3-4: Optical micrographs of PMMA films formed by spin-casting solutions 
of the indicated mass percent of PMMA. Each image is 450 mm wide and 710 
mm tall. The images were taken near the center of the films. 
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Figure 3-5. Wrinkle wavelength measured as a function of PMMA thickness, 
sampled near the middle of the film. 
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Figure 3-6. Optical profiles of PMMA films spin-cast from 1%, 2% and 3% w/v 
solution. The image was taken near the edge of the film. Bottom: Height profile of 
the image shown in the top. The profile was taken at the right edge in the upper 
image.  
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Figure 3-7. Black line: observed height profile (closer to the center) of a  ~315 nm 
PMMA film. Red line: fit to a function of the form ℎ = ℎ𝑜 + 𝑎𝑜𝑠𝑖𝑛 (
2𝜋𝑥
𝜆𝑜
+ 𝑏) 
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Figure 3-8. Black dot: observed average amplitude of a range of PMMA films. 
Red line: fit to a function a = y0 + k*tb 
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Figure 3-9. Averaged wrinkle wavelength as a function of PMMA thickness. The 
dotted line is intended to be a guide for the eye. 
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CHAPTER 4 
 
ABSTRACT 
 
A three-layered sensor system with enhanced emission intensity has been 
demonstrated and studied. When Rh6G thin film is deposited on a glass substrate, 
a fluorescent signal is observed of modest intensity. However, when a transparent 
poly(methylmethacrylate) PMMA layer is added to separate the Rh6G layer and 
the glass substrate, the emission signal increases dramatically. The increased 
sensitivity associated with this emission enhancement allows for low vapor 
pressure analyte detection. The interfacial properties that control the nature of 
fluorescent emission and photophysics are determined and exploited to optimize 
sensor system sensitivity. 
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INTRODUCTION 
 
With the increasing public concern for possible future terrorist attacks 
involving novel explosives, there is a demand for advanced early detection 
technology.1–4 The extremely low vapor pressures at room temperature of most 
explosives limit the number of explosives molecules to be collected in a 
reasonable detection time pushes limits for most conventional fluorescence 
sensors.1–6  
The underlying idea behind analyte fluorescent detection is simple.5,6 
Fluorophore emissions are measured before and after analyte sample exposure.7 
The emission intensity can be quenched, enhanced or unchanged.7 There are three 
distinct mechanisms underlying these emission intensity changes: collisional 
quenching, aggregation changes and energy transfers.8–10 Collisional quenching 
occurs when analyte molecules collide with a fluorophore in the excited state.11–15 
Additional nonradiative pathways become available for the fluorophore to lose its 
energy, resulting in a decreased amount of emitted light, thus the emission 
intensity is quenched.11–15 In the case of aggregation changes, the analyte can 
cause a structural change in a fluorophore by either inducing aggregation or by 
disrupting aggregation, which can lead to either enhancement or quenching of the 
emission.19–26 Energy transfer upon exposure to the analyte occurs when the 
energy transfer from higher energy excited state is disrupted causing a quenching 
of the emission intensity.27–30 
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To improve emission signal output, several methods have been used to 
amplify the fluorescent signal, such as metal-enhanced fluorescence, which is a 
common approach but making reproducible metallic surfaces is challenging.28,29 
Other methods include incorporating the fluorophore into a solid matrix such as 
polymers and clays, but the photophysical properties of the fluorophore might be 
changed.30–34 
A new sensing system for gas phase explosive is proposed in this study. 
This sensor is based on a layered structure of fluorophore deposited onto a few 
hundred nanometers of a transparent polymer, supported by a glass slide, as 
shown in Scheme 4-1. The fluorophore selected is Rhodamine 6G (Rh6G), which 
is an inexpensive xanthene laser dye, widely used as a fluorescence tracer because 
of its strong absorption properties in the visible light region and high fluorescence 
quantum yield.35–37 
A monolayer thin film deposited onto a substrate could have several 
structures, such as ground state monomer and aggregates, excited state excimer 
and dimer.38–42 As reported previously, Rh6G thin films were spin cast into glass 
substrate using EtOH as a solvent. The thickness of Rh6G film was controlled by 
the concentration of the casting solutions, surface coverage and dye density on the 
surface.38–42 At extremely low dye density, when the surface coverage is low, 
monomeric structure is dominating.38–42 With increasing dye density, the 
formation of excited state excimer and excitonic dimer can occur since most of 
the Rh6G molecules have a nearby neighbor.43–52 Further increase in surface 
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coverage and dye density, additional layer of Rh6G forms and aggregated Rh6G 
grow until eventually the aggregated Rh6G dominates the structure.44,56–61 
When this Rh6G layer is applied on PMMA layer before putting on the 
glass, a huge emission enhancement will occur.7,59 This emission enhancement 
can be explained by internal reflection, as shown in Scheme 4-2: When the light 
hits on the fluorophore layer, some of the light is reflected at each interface, 
which allows the light to bounce along the polymer layer.60–66 At each bounce on 
the polymer/fluorophore interface, the light that escapes excites more fluorophore, 
effectively increasing the efficiency of the use of the excitation light.60–66 This 
huge emission enhancement shows the potential to be used as a fluorescence-
based sensor with improved sensitivity, and it is sensitive enough to detect 
explosives with low vapor pressures under room temperature.67–70  
In this work we examine the absorption and emission spectra for Rh6G 
deposited onto glass substrate directly and with a PMMA layer in between. The 
thickness of the fluorophore will be a key feature in determining the sensitivity of 
the sensor. The role of the transparent PMMA film interface on Rh6G properties 
is studied in detail, shows the thickness of the PMMA layer affects the internal 
reflection, and the surface morphology of PMMA film affects the Rh6G structure 
by reducing the amount of aggregation of Rh6G. Finally, the reaction mechanism 
between Rh6G and TNT vapor is examined and studied, the relationship between 
Rh6G structure and types of mechanism leads to a better mechanistic 
understanding of the sensor platform.  
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EXPERIMENTAL SECTION 
 
Rhodamine 6G chloride (Rh6G) was supplied by Acros Organics and was 
used without further purification. A range of Rh6G solutions were prepared and 
used for thin film preparation: 1 × 10−9 M − 1 × 10−2 M in 95% ethanol. 
The polymer used is polymethylmethacrylate (MW ∼120,000, PMMA) 
and was obtained from Sigma Aldrich. PMMA was dissolved in toluene to form a 
4% (w/v) solution.  
Borosilicate glass (BSG) microscope slides were prepared by sonication in 
95% ethanol and distilled water (15 min each) followed by blow-drying with dry 
nitrogen gas.  
A Laurell Technologies spin coater was used for spin-casting films. A 250 
µL portion of the Rh6G solution was placed on the BSG slide, and the rotation 
was set to 1200 rpm. The thin films were then allowed to dry in air. A 250 µL 
portion of the poly(methylmethacrylate) (PMMA) solution was placed on the 
BSG slide, and the rotation was set to 1200 rpm. The three layered samples were 
prepared by spin-coating the polymer onto the glass slide followed by spin 
coating the Rh6G solutions into the polymer layer. All thin films were prepared at 
low humidity (<20%).  
The absorption spectra were obtained using a PerkinElmer Lambda 1050 
spectrometer. The slit width was set to 2 nm, the wavelength range was set from 
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700 to 350 nm, and the integration time was set to 10 s for samples made with 
concentrations lower than 2 × 10−6 M, 5 s for samples made with concentrations 
between 3 × 10−6 M and 3 × 10−5 M, 3 s for samples made with concentrations 
between 4 × 10−5 M and 1 × 10−4 M, and 1 s for samples made with 
concentrations above 1 × 10−4 M. All spectra were baseline corrected by 
automatic baseline subtraction with PeakFit v4.12 software.  
The fluorescence emission spectra and excitation spectra was acquired 
using a Horiba (Jobin Yvon) Fluorolog spectrometer. The light source used was a 
Xenon arc lamp. For emission spectra, the excitation wavelength was set at the 
absorbance maximum, and the slit width was set to 2 nm.  
The film thickness of the PMMA was determined by obtaining the 
absorbance spectra from a PerkinElmer Lambda 1050 UV/vis/NIR spectrometer 
with 2.0 nm slit widths, and calculated based on the absorbance intensity. And it 
also measured by using a Filmetrics F40 thin film analyzer. 
The film thickness of the PMMA was determined by obtaining the fringing 
patterns in the reflection and absorption spectra from a PerkinElmer Lambda 1050 
UV/vis/NIR spectrometer with 2.0 nm slit widths. Also, this film thickness of the 
PMMA was measured using a Filmetrics F40 thin film analyzer. The reflection 
spectrum was recorded with a tungsten halogen light source over a range of 400-
900 nm and then compared to a calculated spectrum of given thickness and 
refractive index. The surface roughness and topography was obtained from optical 
profilometry (The Profilm 3D). 
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RESULTS AND DISCUSSION 
 
The spin coating deposition technique was used to build the three layered 
sensor as shown in Scheme 4-1: a layered structure of fluorophore (Rh6G) 
deposited onto a transparent polymer, supported by a glass slide. The polymer 
chosen was polymethylmethacrylate (PMMA), the thicknesses of the PMMA 
layer ranged from 200 nm to 1000 nm with sample-to-sample variance of ± 30 nm.  
This was measured via the fringing pattern in absorption spectra and thickness fit 
with reflection spectra. The Rh6G thin film thicknesses ranged from 0.6 nm to 13 
nm measured by reflection spectra. 
Figure 4-1 shows the emission spectra of 0.7 nm, 1.0 nm and 1.7 nm 
Rh6G film deposited on glass substrate and on a layer of 385 nm PMMA film.  
The data shows, the addition of this transparent PMMA film layer causing a large 
emission enhancement. The Area under curve ratio of emission on PMMA to 
emission on glass is 4.0, 3.3, and 6.9 respectfully. This three-layered structure 
shows high fluorescent signal output comparing to the general two-layered 
structure, leading to high sensitivity as fluorescent sensor. This increased 
sensitivity associated with emission enhancement has the potential for detecting 
low vapor pressure analyte, such as TNT molecules.  
In order to understand this emission enhancement, Rh6G structure, role of 
the interface and PMMA thickness are examined in more detail.  
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SECTION 1: Effects of PMMA layer on sensor sensitivity. The absorption 
spectra of a series of films on glass and PMMA surface are shown in Figure 4-2. 
The thickness of the Rh6G thin film was measured by reflection spectroscopy, 
and the formulas given in previous report was used to estimate the Rh6G film 
thickness, both methods agree with each other on the thickness determination. 
The Rh6G film thicknesses are 0.7 nm, 1.0 nm, 1.7 nm, 2.6 nm and 9.2 nm 
respectfully. The thickness of PMMA film measured by reflection spectroscopy is 
385 nm.  
As the Rh6G casting concentration increases, the films became thicker and 
the spectra became more intense. Based on assignments from previous study, 
Figure 4-2A and 4-2B correspond to a sub-monolayer and a monolayer of Rh6G, 
Figure 4-2C corresponds to a bilayer of Rh6G and Figure 4-2D and Figure 4-2E 
corresponds to multilayers of Rh6G. 
The absorption spectra of Rh6G on glass and PMMA are similar: both 
have a low energy peak maximum and a higher energy shoulder. The peak 
maximum is shifted to the lower energy in the PMMA samples with Rh6G 
thickness smaller than 1.0 nm, as shown in Figure 4-2A and 4-2B, peak maximum 
on glass for 0.7 nm Rh6G is 522 nm while on PMMA is 537 nm, and peak 
maximum on glass for 1.0 nm Rh6G is 522 nm, while on PMMA is 541 nm. This 
peak maximum is shifted to the higher energy in the PMMA sample when Rh6G 
is thicker than 1.0 nm as shown in Figure 4-2C to Figure 4-2E, peak maximum for 
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2.6 nm Rh6G on glass is 560 nm while on PMMA is 548 nm, and peak maximum 
for 9.2 nm Rh6G on glass is 563 nm while on PMMA is 555 nm. 
At extremely low dye density, the surface coverage of this film is low. The 
spectroscopic signature of the monomeric structure is dominant in both glass and 
PMMA samples. As shown in Figure 4-2A, the absorbance maxima for Rh6G on 
PMMA is 537 nm, while on glass is 521 nm, which can be attributed to the 
polarity difference in the two surfaces. 
Figure 4-2B is a film with surface coverage just below a monolayer. From 
the previous paper, it was shown that on a glass surface, the primary excited states 
become a mix of excimers and excitons, with excimers dominating at this film 
thickness.  The line shape did not change much when comparing to the low 
surface coverage film. On the PMMA surface, the line shape changed more when 
compared to the low surface coverage film, which the high-energy shoulder 
increased, and the low energy shoulder became broader. 
Figure 4-2D and 4-2E show the multilayer Rh6G thin films on glass and 
PMMA surface. On both surfaces, the line shape of bilayer and multilayer Rh6G 
remained the same, although both shifted to the lower energy side with increasing 
film thickness. This shows the structural changes in these films are very few to 
none. 
The surface coverage plays a very important role in the Rh6G thin film 
structure. With the same deposition concentration and same volume on the surface, 
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shows the initial number of molecules were same on the glass and PMMA surface 
before spinning process start. The final surface coverage after spin-cast is 
significantly different on glass and PMMA as shown in Figure 4-3, especially for 
the lower deposition concentrations. 
Figure 4-3A is the Rh6G thin film with extreme low surface coverage both 
spin-cast from 3x10-6 M solution on both surfaces. The absorbance area under 
curve on glass is 3.85 times more than on PMMA surface, shows the number of 
Rh6G molecules on glass is about 3.85 times more than on PMMA surface. The 
surface coverage on PMMA is almost 4 times smaller than on the glass. 
Figure 4-3B is the Rh6G thin film with high surface coverage just below a 
monolayer. With this casting solution concentration, the surface coverage is 
reaching saturation. The absorbance area under curve is 1.5 times more than on 
PMMA surface, shows the number of molecules on glass surface is about 1.5 
times more than on PMMA surface. With this casting solution concentration, the 
surface coverage on PMMA is 1.5 times smaller than on the glass. 
For Rh6G film below one layer, the number of molecules on glass surface 
is much larger than on PMMA surface, thus the distance between two Rh6G 
molecules on glass is smaller than on glass, as a result, PMMA surface is less in 
favor for aggregates at this surface coverage. 
Since further increases in casting solution concentration will start to form 
the second layer, Figure 4-3C is the bilayer Rh6G on PMMA and glass, and 
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Figure 4-3D is the multilayer Rh6G film on PMMA and glass. Once second layer 
of Rh6G starts to form, the thickness of Rh6G became same, shows the Rh6G 
film thickness and orientation of the molecules are no longer affected by the 
different surface, instead, they are both affected by the first Rh6G film layer. 
Figure 4-4A shows the evolution of the thickness as a function of 
increasing of Rh6G casting solution concentration. With the same casting 
concentration, the thickness of a Rh6G film on PMMA is thinner than on a glass 
surface, showing that PMMA has a larger surface area compared to the glass 
surface. 
As thickness of the Rh6G thin film increases, the absorbance maxima shift 
to low energy side for both glass and PMMA as shown on Figure 4-3B. The 
absorption maxima shift from 535 nm to 555 nm for Rh6G on PMMA, and 
absorption maxima shifts from 521 nm to 564 nm for Rh6G on glass. As the 
previous study had shown, the shift of absorbance maxima to the lower energy 
side is associated with the degree of aggregation. The aggregate is less affected by 
the PMMA surface. 
The surface morphology of PMMA thin films have a strong influence on 
the interfacial properties from above spectra study. As shown in previous study on 
the PMMA film structure, it indicates the film surface is rough and has repetitive 
patterns of wrinkles. 
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A closer examination of the surface of this 385 nm PMMA films shows 
there is a periodic wrinkle observable in the film as shown in Figure 4-5. The 
wrinkle pattern extends radially out the middle of the substrate centered about the 
spinning axis. The wrinkle can act as a photonic structure as the amplitudes are 
larger than small molecules, and the wavelength are few multiples of visible light 
and directly in the infrared. In this PMMA thin film, the amplitude of the wrinkle 
is 17 nm, and the wrinkle wavelength is 80 μm. As the amplitude is larger than 10 
nm, the possibility of quantum confinement effect is low. The emission 
enhancement could be due to the more emissive structure formation on PMMA 
surface, or due the multiple internal reflections in the PMMA layer allows for 
increases excitations of the Rh6G layer. A more detailed investigation study is 
carried out as below. 
The thickness of the PMMA plays an important role in the emission 
enhancement. As shown in Figure 4-6A, for the same thickness Rh6G film on 
PMMA layer, as the PMMA thickness increases, the emission decreases, and the 
emission maxima shifts to the lower energy side, suggesting the component of the 
emissive structure has changed as shown in Figure 4-6C.  
This could be explained by internal reflection. As shown in Scheme 4-2, 
when the light hit the Rh6G layer, some of the light is reflected back (red arrow). 
At same time, since PMMA is a transparent layer, some light will be able to 
penetrate further into the PMMA layer until reflected back by the bottom glass 
layer. This reflected light will hit on the Rh6G layer again and excited more 
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Rh6G molecules, as a result, the number of excited molecules increases, hence the 
emission intensity increases. As the PMMA layer getting thicker, the reflective 
index reduces, and less light can excite Rh6G molecules, results in the emission 
intensity drop. 
The red dots are the wrinkle amplitude as a function of PMMA thickness. 
As the PMMA thickness increases, the wrinkle amplitude increases. As the 
wrinkle amplitude increases, the Rh6G emission intensity decreases as shown in 
Figure 4-6B, it shows the amplitudes of the wrinkle on PMMA affects the 
emission intensity. The maximum emission enhancement was achieved by 160 
nm PMMA layer, right when the PMMA film starts to form the wrinkle pattern. 
The amplitude of the wrinkle is 1 nm. This amplitude is lower than 10 nm, 
allowing quantum confinement effect to occur. 
SECTION 2: Effect of Rh6G layer on sensor sensitivity. In order to 
achieve the maximum sensor sensitivity, the thickness of the top Rh6G layer is 
critical.  As shown in Figure 4-7, different thicknesses of Rh6G films were spin-
cast on 385 nm PMMA layer. As the Rh6G thin film thickness increases, the 
emission maxima shift to the lower energy, indicating an increase in aggregation, 
and the emission intensity increases until reaching the 1.0 nm. Further increase in 
the Rh6G thickness results in decreasing emission intensity due to aggregation 
and formation of the second layer.  
However, the 1.0 nm Rh6G thin film is unique in comparison with other 
Rh6G films; it has the highest emission intensity and the emission maxima is 
around 575 nm. This shows the excimer is the major emissive component in this 
thin film. Further increase in the thickness, as the second layer starts to form, the 
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emission due to the aggregates increases, which is in agreement with our previous 
work. 
The intensity change due to the maximum surface coverage of the film is 
larger on PMMA compared to glass as shown in Figure 4-8A.  
1.0 nm Rh6G thin film is the film with the highest surface coverage before 
forming the second layer on PMMA surface. Somehow, the 0.9 nm Rh6G film 
has even higher emission intensity compare to 1.0 nm film, right before reaching 
the saturation surface coverage as shown in Figure 4-8A. 
This thickness 0.9-1.0 nm Rh6G film could be a good candidate for high 
sensitivity sensor design. And these films were spin-cast from 5 x 10-5 M to 1 x 
10-5 M solution as shown in Figure 4-4. Understanding the structure of Rh6G 
molecules in this particular thickness thin film is very important for investigating 
the sensor mechanism. 
We measured the excited state lifetimes for the radiative decay for the 
films as a function of thickness and casting solution concentration. Dependent 
upon the thickness of Rh6G thin film, two or three lifetimes were required to fit 
the decay curves for the excited state of the thin films on PMMA surface.  
The spin casting solution concentration, which directly affects the surface 
dye density and surface coverage, plays an important role in lifetime of Rh6G 
sub-monolayer and monolayer. As shown in Figure 4-9A, sub-monolayer and 
monolayer of Rh6G could be formed by spin casting solutions with 
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concentrations lower than 1 x 10-4 M, and there is a distinct lifetime change at 
concentration range 5 x 10-5M – 1 x 10-4M, corresponding to the film thickness of 
0.9 nm and 1.0 nm.  
As shown in Figure 4-9B, for the Rh6G thin film with thickness less than 
0.9 nm: τ1= 4.0 ± 0.6 ns, τ2 = 1.9 ± 0.4 ns. For the Rh6G film thickness between 
0.9 nm to 1.0 nm, the two lifetimes became longer (τ1 = 6.4 ± 0.1 ns, and τ2 = 2.7 
± 0.3 ns), and a new lifetime with τ3 = 0.8 ± 0.2 ns appeared. For the Rh6G film 
thickness above 1.0 nm, second layer starts to form, the τ1 and τ2 became same as 
in sub-monolayer thin film, but the 3rd life time remained as 0.8 ± 0.2 ns. Based 
on the previous paper, the τ1=4.0 ± 0.6 ns is assigned to the excited state excimer, 
τ2 = 1.9 ± 0.4 ns is assigned to the monomer, and τ3 = 0.8 ± 0.2 ns is assigned to 
the aggregate.  
The lifetime time of τ1 and τ2 in 0.9 nm and 1.0 nm Rh6G thin film gets 
longer, suggesting the possibility of phase transfer, the excited state of monomer 
and excimer were more stable. 
As shown in Figure 4-10, B1 is corresponds to the fraction of excited state 
excimer emissive component, B2 is corresponds to the fraction of monomer 
emissive component, B3 is corresponding to the fraction of emissive aggregate. 
It shows for the Rh6G on the PMMA surface, at extremely low dye 
density, the ground state monomeric and the excited state excimer are dominating. 
Since B1 is significantly larger than B2, suggests that PMMA surface morphology 
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enhances the excited state excimer rather than simple ground monomer. When 
Rh6G molecules deposited on the PMMA surface, they are not distributing evenly 
across the surface. Instead, the molecules tend to accumulate together at a 
proximity close enough to allow excited state excimer to occur, but too far to 
form aggregates.  
With the dye density increases, right around when the surface coverage 
reaching the saturation stage, the excited state excimer reaching the maxima, and 
resulting in the phase transfer, allowing maximum excited state excimer emission.  
When second layer of Rh6G starts to form on top of the first Rh6G layer, 
emission from aggregate structure dominates. 
SECTION 3:  Adapt the mechanistic ideas developed to optimize the 
sensor performance. In the 0.7 nm sub-monolayer Rh6G film, the surface has the 
extremely low dye density, the surface coverage is low, monomeric structure is 
dominant.  Allowing the monomeric Rh6G molecules interact with TNT 
molecules, resulting in the quenching of emission intensity as shown in Figure 4-
11A. 
In Figure 4-11B and 4-11C, is the monolayer with high coverage, exciton 
dimers and excited state excimer is presenting in the film. The existence of many 
radiative and non-radiative pathways shielding the emission change caused by 
TNT collision. At the same time, the amount of monomeric structure has 
decreased. 
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In Figure 4-11D, the second layer starts to form, results in aggregation. 
TNT causes a structural change in this film, disrupting aggregation, thus the 
enhancement of the emission can occur. 
Figure 4-11E, bilayer of Rh6G thin films with aggregates dominating the 
film structure, leads to significant quenching of emission spectrum and 
suppression of the monomer, excimer and Exciton emission.  And the interactions 
between dye molecules and TNT molecules were shielded. Thus no change can be 
observed. 
For Rh6G on glass, either the extremely low surface coverage monolayer 
thin film or bilayer with the second layer just starts to form could be used in the 
TNT detection. As the three-layered structure enhancing the emission intensity as 
the amount of Rh6G is decreased. This is an advantage for improving sensitivity. 
Since only a small amount of Rh6G is required for a strong signal, only a small 
amount of analyte would be required to modulate the signal.   
Rh6G was put on the 385 nm PMMA layer to amplify the emission 
intensity, emission change was observed before and after the exposure as shown 
in Figure 4-12.  
All Rh6G films showed an emission decrease upon exposure to TNT 
except the thinnest sub-monolayer film as shown in Figure 4-12 A. At this surface 
coverage, the molecular density is too low, the interaction between monomeric 
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molecules and TNT molecules are very weak, thus no emission change can be 
obtained. 
When surface coverage increases, as shown in Figure 4-12B and Figure 4-
12C, the dominating emissive components are monomer and excited state 
excimer. Upon exposure to TNT molecules, a decrease in emission intensity 
observed.   
At multi layer Rh6G film, a much smaller emission intensity drop 
observed. This is because the emissive components in the film are aggregates, 
monomer and excited state excimer, upon exposure to TNT molecules, emission 
intensity increases as TNT molecules break down the aggregate combines, and at 
the same time, emission decrease as TNT molecules interact with monomer. 
With these two combined effects on the emission, a much smaller emission 
change is observed. 
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CONCLUSION 
 
The sensor system being discussed here has several unique features. The 
fluorescence amplification afforded by the layered structure provides improved 
sensitivity. The Rh6G emission intensity is significantly higher when coat on 
PMMA surface instead of glass surface. Both of the absorbance and emission of 
the Rh6G are shifted to the lower energy compared to the glass surface, which is 
attributed to the change in surface polarity, surface roughness and the surface 
wrinkle pattern. The surface of the PMMA tends to form uniform wrinkle pattern 
from thickness equals to 160 nm or above. The total surface area of PMMA film 
increases due to the formation of wrinkle, results in increased number of excited 
molecules from incident light beam. The wrinkle amplitude and wavelength are 
directly affected by the PMMA film thickness. The Rh6G emission intensity is 
affected by wrinkle amplitude. When the amplitude are in the 10 nm range, 
quantum confinement effects occurs and results in the high emission intensity. As 
the amplitude increase, the emission intensity decreases. Further, this emission 
intensity also depends on the thickness of the PMMA interfacial structure. As the 
thickness increases, less internal reflection could occur, thus the emission 
intensity drops. 
The PMMA surface affects the Rh6G dominating species in the thin film. 
The aggregation is less favored on the PMMA surface.  At extreme low dye 
density and coverage, the monomeric and excited state excimer components are 
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dominating. And as closer to reach surface saturation, where the Rh6G film 
thickness between 0.9 nm and 1.0 nm, the emission intensity increases as a result 
of phase transfer. 
The thickness of the Rh6G is a key feature in determining the sensitivity 
of the sensor. 0.7 nm Rh6G which has the monomeric units dominating in the 
film, allowing collision with TNT vapor molecules, results in the quenching of the 
emission, 1.5 nm Rh6G film which is at the stage of just forming the second layer 
with aggregates as the dominating species, the TNT molecules breaking down the 
aggregates, thus the emission is enhanced. 
With Rh6G films on PMMA, and the PMMA surface is less favor to form 
aggregates in comparison to glass surface, only quenching of emission intensity 
occurred.  
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Scheme 4-1. The general structure of the sensor 
  
 138 
 
 
Scheme 4-2. Simple internal reflection model of thin (left) and thick (right) 
PMMA layer 
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Figure 4-1. Steady-state emission spectra for spin-cast Rh6G thin films on glass 
surface (black) and PMMA surface (red) 
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Figure 4-2. Absorbance spectra of Rh6G on glass (black) and 385 nm PMMA (red)  
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Figure 4-3. Absorbance of Rh6G film on glass surface (black) and 385 nm 
PMMA film surface (red) with different deposition solution concentration, (A) 
3x10-6 M, (B) 1x10-4 M, (C) 3x10-4 M, (D) 2x10-3 M. 
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Figure 4-4. (A) Rh6G thin film thickness on glass surface (black) and on 385 nm 
PMMA film surface (red) as a function of Rh6G solution concentration, (B) The 
absorbance maxima of Rh6G thin films on glass (black) and PMMA (black) 
surface as a function of Rh6G film thickness. 
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Figure 4-5. Optical profiles of 385 nm PMMA films spin-cast from 4% w/v 
solution. The image was taken near the edge of the film. Right: Height profile of 
the image shown in the left. The profile was taken at the right edge in the left 
image.  
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Figure 4-6. 1.0 nm Rh6G thin film (A) emission intensity and PMMA wrinkle 
amplitude (B) emission intensity and (C) wavelength maxima change as a 
function of PMMA layer thicknesses. 
 
 
 
 
  
A B 
C 
 145 
 
 
 
Figure 4-7. (A) Steady-state emission spectra and (B) normalized emission spectra for 
spin-cast Rh6G thin films on 385 nm PMMA surface as a function of film thickness: 0.7, 
1.0, 1.1, 1.2, 1.4, 2.1 nm. 
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Figure 4-8.  (A) Emission intensity changes and (B) emission wavelength maxima 
Shifts of Rh6G thin films on glass (black) and PMMA surface (red) as a function 
of Rh6G film thickness. 
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Figure 4-9. Lifetime of Rh6G film on 385 nm PMMA as a function of (a) Rh6G 
concentration, (b) Rh6G film thickness 
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Figure 4-10. The fluorescence components fraction in Rh6G films on 385 nm PMMA. 
All decay curves are 3-exponential fits: I(t)=B1e-t/τ1 ＋ B2e-t/τ2＋ B3e-t/τ3, the pre-
exponential factor as a fraction as function of Rh6G film thickness. 
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Figure 4-11. Emission intensity changes for different thickness of Rh6G thin films on 
glass before and after TNT exposure. 
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Figure 4-12. Emission intensity changes for different thickness of Rh6G thin films 
on 385 nm PMMA before and after TNT exposure. 
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